This paper presents the new application of a humanoid robot as an evaluator of human-assistive devices. The reliable and objective evaluation framework for assistive devices is necessary for making industrial standards in order that those devices are used in various applications. In this framework, we utilize a recent humanoid robot with its high similarity to humans, human motion retargeting techniques to a humanoid robot, and identification techniques of robot's mechanical properties. We also show two approaches to estimate supporting torques from the sensor data, which can be used properly according to the situations. With the general formulation of the wire-driven multibody system, the supporting torque of passive assistive devices is also formulated. We evaluate a passive assistive wear 'Smart Suit Lite (SSL)' as an example of device, and use HRP-4 as the humanoid platform.
Introduction
Recent development of human-assistive devices is attracting attention in several nations entering the superaged society. In order to support the daily life of elderly people and to relieve the burden on nursing care workers, assistive devices have been intensively studied and developed. [1, 2] Contrary to such demands, those technologies are experiencing slow development and implementation because of the difficulty of evaluation. The reliable and objective evaluation framework is necessary when making industrial standards for those products to be used by elderly people and nursing care workers. When evaluating assistive devices and making those standards, the assistive performance on human body needs to be quantified. However, the evaluation by human measurement still remains several bottlenecks: variation of human subjects, gathering appropriate subjects, reproducing the same motions, and ethical procedures for the experiments. Even after overcoming those problems, the most significant problem is the difficulty in measuring and quantifying the internal force information like joint torques or muscle tensions. It is true that recent development of human motion capture enables the quantitative evaluation of joint trajectories, but on the other hand, the forces generated inside human body are difficult to be directly measured. The common way has been to estimate CONTACT Ko Ayusawa k.ayusawa@aist.go.jp This paper is selected as the "Cutting Edge of Robotics in Japan" by the Editorial Committee of Advanced Robotics. it with motion capture and force plate measurement. [3] In principle, those estimation methodologies of multiple contact forces have always been facing the redundancy problem. Especially, when the subject wears the suit-type device, it is of great difficulty to extract the force effects of the device on the body. Humanoid robots with their internal sensors are, instead, expected to complement the conventional evaluation scheme of human subjects with the additional information about internal forces, [4] since they are uninfluenced by the above issues.
Our purpose is to develop the reliable evaluation framework of human-centered design products including assistive devices, and our final goal is industrial promotion by making industrial standards about not only safety issue but also effect on humans. To this end, this paper aims at developing a methodology of using humanoid robots instead of human subjects, in order to evaluate assistive devices by the quantitative measures from their internal sensors. There are also several expected advantages; humanoid robots can physically simulate usage of the device in real life in a similar manner to humans, they can repeat exactly the same motions with providing the repeatability of experiments and evaluation, ethical problems can be cleared for experiments. When evaluating the devices with a humanoid robot, the several issues have to be considered.
First of all, the morphology of the robot needs to be almost same as that of a human, in order that the robot can use the devices which are originally designed for human morphology. The correspondence of body parts between them also makes it easier to validate the effect on humans. Some recent humanoid robots like HRP-4C [5] and HRP-4 [6] whose structure and dimension are close to human can fulfill such requirements. In spite of the simplified kinematic structure of humanoid robots, studies in biomechanics have demonstrated that it is sufficient to estimate the load at lower back. [7] Secondly, this application requires that the robot should mimic human motion as close as possible to original features. We here employ the technique of motion retargeting that have been widely studied to design character animations in the field of computer graphics, or to generate robot motions. [8] [9] [10] Finally, the accurate measurement or estimation of joint torques is required because joint torque quantifies the supportive effect of reducing the load applied to joints.
Since it is still difficult to integrate joint torque sensors into a lightweight humanoid such as HRP-4, we have to rely on input signals of electric motors. Identification technique [11] is therefore important to estimate the joint torque accurately.
Based on some pilot studies, [4, 12] this paper presents the new application framework of a humanoid robot as an evaluator of assistive devices. In this framework, we utilize several technologies developed in humanoid robotics: a recent humanoid robot with high similarity to humans, human motion retargeting techniques to a humanoid robot, and identification techniques of the mechanical properties of a humanoid robot: inertial parameters (mass, center of mass, and inertia tensor) of each link, joint friction coefficients, motor constants, and sensor offsets of each joint. We also show the two approaches to estimate the supporting effects from the sensor data of a robot. As an example of assistive device, we evaluate a passive assistive wear 'Smart Suit Lite (SSL)' that supports the load at the lower back with the elastic bands. [2] SSL began to be widely used through test marketing to reduce load of workers in such application fields as agriculture, horse training and nursing care. [13, 14] Although the questionnaires to users showed that they feel a smaller load at their back when using SSL, [2] we believe quantitative evaluation is necessary to validate its supportive effect and also to meet industrial standards in future. Quantitative evaluation framework that we propose in this paper can also contribute to product design improvement to offer better supportive effects.
Flow of evaluation of assistive device with humanoid robot
Though the most common way to evaluate humanassistive devices is, of course, the measurement of human subjects, it contains several difficulties as follows:
• recruitment of human subjects in specified range of gender, age, degree of disability. • reproduction of the same motions for specific evaluation. • ethical procedures for the experiments.
• measurement of forces generated inside body.
Since humanoid robots are not influenced by the above issues, this paper aims at developing a methodology of using them instead of human subjects. The expected advantages of this replacement are summarized as followings:
• Humanoid robots with the same morphology as humans can physically simulate usage of the device in a similar manner to humans. • Since robots can repeat exactly the same motions, they can realize the repeatability of experiments and evaluation. • Ethical problems can be cleared for experiments with risks of injury. • They can provide quantitative measures such as joint trajectories, torques or applied forces.
This framework requires that the humanoid robot has to be almost the same morphology as a human. The examples of such robots are as shown in Figure 1 . HRP-4C [5] is one of the robots which fulfill the requirement. The robot is 1.58 m in height and 43 kg in weight, featuring its geometric parameters close to the measured average of women of 19-29 years old in Japan, and can wear clothes or devices designed for humans. HRP-4 was also developed as a commercial robot based on the design of HRP-4C. In this paper, we use HRP-4 as an evaluator of assistive devices by removing its hard plastic cover and clothing a soft suit, to realize soft surface like a human. Strictly speaking, the joint configuration of such a robot is still different from that of the human body. However, the human model used in the inverse dynamics analysis is also often simplified [15] because of some practical issues. Those simplified models are actually used in biomechanics, for instance to estimate the load in lower back. [7] Here, is the evaluation flow using those humanoid robots ( Figure 2 Even though we evaluate the devices with a humanoid robot, we have to define the human motion which should be performed in the evaluation. In order to prepare them in step 1(S1), we utilize the human motion capturing.
Motion capture data is widely used for creating the motion of human-like characters in the field of computer graphics. [8] Some robotics studies demonstrated their created motion on a real human-like and human-sized robot. Japanese traditional dancing has been realized on humanoid HRP-2, based on the motion capture data of a professional dancer. [9] Our application requires that the robot should mimic human motion without modifying the kinematic and dynamic characteristics of the original motion. In step 2(a), we use a retargeting technique, [10] which is adapted to reproduction of whole-body motion preserving many kinematic and dynamic constraints for the humanoid.
The accurate measurement or estimation of joint torques is important, which usually requires the joint torque sensors or the identification of the mechanical parameters of each joint. Even though the recent development of the torque sensors enable them on a humanoid robot [16] and they are expected as a useful technology for our application, it will still take time to decrease the weight and size of them to keep human morphology as a human evaluator. In this paper, the joint torques are estimated from the inertial parameters, motor constants, gear-ratio, etc. provided by manufacturers. However, they are not necessarily accurate because of the uncertain elements like frictions, and can change when, for example, robot carries the objects, the temperature condition of actuators changes, etc. We thus identify those parameters of the robot in step 2(b). The detailed procedure is shown in Section 3.
The equations of motion of the robot with and without the device are simplified as follows:
τ dyn x with device , φ = τ actuator y with device , ξ + τ support (1) τ dyn x without device , φ = τ actuator y without device , ξ (2) where * with device and * without device mean the variables when with and without the device respectively, x indicates the robot's generalized coordinates and their derivatives, y shows the actuators' inputs, φ represents the inertial parameters of the robot, ξ denotes the parameters of the actuator models including frictions, τ dyn means the torques coming from the pure inertial effect, τ actuator is the torque generated from the actuators including the frictions, and τ support indicates the supporting (external) torque of the device.
There are two approaches to estimate the supporting torques in step 3 as follows:
(A) Perform the same motion with and without the device, respectively (i.e. x with device ≈ x without device ). Then, τ dyn x with device , φ ≈ τ dyn x without device , φ Downloaded by [ AIST ( ADVANCED INDUSTRIAL SCIENCE TECHNOLOGY )] at 01:42 01 May 2016 holds. By utilizing Equations (1) and (2), we can compute the supporting torques as follows:
where ξ means the identified parameters of the actuators and the frictions. (B) Compute the difference in Equation (1) between the measured joint torques and those estimated from the simulation model whose mechanical parameters were identified in advance:
where φ is the identified inertial parameters of the robot without the device. Figure 3 illustrates the two approaches. In approach (A), we need y with device , y without device and ξ . Approach (B) requires x with device , y with device , ξ and φ. Model parameters ξ and φ are obtained from the identification: step 2(b). Other variables need to be measured by the internal sensors. The strong merit of approach (A) is cancelling the unmodeled friction forces in τ actuator ; there is some possibility to eliminate them by the subtraction of Equation (3). However, the demerit is that the same motion has to be performed between with and without the device. Some devices are originally designed so that the human should perform the different motion with and without them. In this case, approach (A) is difficult to be used. Approach (B) is the general formulation; the accurate model of the robot (i.e. the identification of mechanical parameters) has to be required. Unlike approach (A), the supporting torque can be extracted directly from the recorded data with the device by approach (B).
Finally, in step 4, the assistive device is evaluated by the obtained supporting torques. In this paper, we evaluate a passive assistive wear 'SSL', [2] and identify the stiffness of SSL band from the experimental data of the robot. The detail of the modeling of SSL and the identification procedure is shown in Section 4.
The merits and the demerits of the evaluation with human experiments and that with a humanoid robot are summarized in Table 1 . One note is that the proposed framework also has some limitations. For example, the evaluation of the physiological or psychological effects of the device on a human, of course, needs human experiments. The proposed framework is focusing on the quantitative evaluation of mechanical effects on a human, and should be used for such a purpose.
Identification of humanoid robot
This section shows the procedure to identify the mechanical parameters of a humanoid robot from its internal sensors. Though the methodology is based on the identification of classical manipulators, [11, 17] it is combined with the identification using base-link dynamics. [18] Based on our pilot study, [12] the method can compensate the static frictions additionally, which leads to increase performance of the estimation of joint torques.
Basic formulation
The equations of motion of a humanoid robot are formulated as [19] :
is the vector of the generalized coordinates which represent the position and orientation of the base-link, • θ ∈ R N J is the vector of joint angles, • N J is the number of degree of freedom (DOF), • N c is the number of contact points with the environment,
represent the inertia matrices, • c o ∈ R 6 mean the bias force vector including centrifugal, Coriolis, and gravity forces acting on the base-link, and c j ∈ R N J is that for the joints, • τ ∈ R N J is the vector of joint torque, • τ f ∈ R N J is the vector of joint friction torques, • F ext k ∈ R 6 represents the vector of external forces exerted to the system at contact k,
is the Jacobian matrix associated to contact k and of the orientation of the contact link with respect to generalized coordinates.
The upper part of Equation (5) corresponds with the equations of motion of the base-link, and the lower one means those of joints. Since a humanoid robot is not fixed to the environment, the generalized input forces which actuate the six DOF of its base-link are always equal to zero; the upper part of Equation (5) does not contain the joint torque and friction. τ is defined as the following linear identification model of motors: where * (i) means ith element of vector * , u ∈ R N J is the vector of electrical currents, k T ∈ R N J is the vector of motor constants which contains the squared gear ratio, and τ o ∈ R N j is the vector of offset torques due to motor current amplifier offset. Let τ f contain the following frictions:
where k d ∈ R N J is the vector of viscous friction coefficients, τ c ∈ R N J is the vector of Coulomb frictions, and τ s ∈ R N J is the vector of static frictions, Though τ c , strictly speaking, depends on the constraint forces acting on the joint axis, let us assume that the actuator-side friction is dominant and τ c is constant. τ s(i) is also not constant, and their absolute values are also upper bounded by the maximum static frictions τ max s(i) . We also assume that the actuator-side friction is Downloaded by [ AIST ( ADVANCED INDUSTRIAL SCIENCE TECHNOLOGY )] at 01:42 01 May 2016 dominant and rigid servo control leads the bias, and let |τ s(i) | ≈ τ max s(i) holds during the identification procedure. Let us assume that the sign of τ s depends on the sum of the residual forces as follows:
where sign(.) denotes the sign function. Before the identification, we cannot know τ and c j because they contains unknown parameters. Therefore, we estimate them by using the a priori knowledge which can be obtained, for example, from CAD data of the model; τ and c j are the estimated values.
In the following discussion, let us define the second term of the right-hand side of Equation (5) as follows:
where F o and F j mean the total external forces acting on the base-link and the joints, respectively. The equations of motion of multi-body systems can be written in a linear form with respect to the inertial parameters, [11, 17] and Equation (11) can be transformed from Equation (5).
where • φ ∈ R N φ is the vector of the minimum set of inertial parameters (or base parameters) which represents the equations of motions, [20] 
T contains the parameters about viscous, Coulomb, static frictions, the motor constant, and the offset torque of the joints, and let ξ be called 'joint parameters' in the following discussion,
• Z is the regressor matrix of ξ as follows:
where I is an identify matrix, diag(x) means the matrix whose diagonal elements is equal to those of x.
Equation (11) is the basic formulation used for identification. When assuming that the geometric parameters like link lengths are known and φ and ξ are constant unknown values, Equation (11) is linear with respect to the unknown parameters.
It is known that φ of a legged system is identifiable only from the equations of the base-link. [18] After φ is identified from the upper part of Equation (11), the parameter set of each joint among ξ can be individually identified from the equation of the corresponding joint. Thus, φ and ξ are structurally identifiable from Equation (11).
Basic flow of identification
Let us identify the parameters using the following sensors:
• joint encoders which measure θ , • a gyro and an accelerometer which obtainp o and
wherep o is the linear acceleration containing gravity acceleration with respect to the sensor coordinate, ω o is the angular velocity with respect to the sensor coordinate.
Let us select the link, which has the gyro and the accelerometer, as the base-link in Equation (11) . When representing the upper part of Equation (11) with respect to its local coordinate system, Equation (11) does not include q 0 ,ṗ 0 . Sincep o contains the gravity acceleration with respect to the local coordinate, Y o , Y j , Z, F o and F j can be computed by θ ,p o , ω o , and their numerical derivatives. In order to identify the parameters, by sampling Equation (11) from the sensor data, and we have:
where notation x (t) means the value which computed from tth sample of sensor data, and e o and e j are the errors.
The basic approach of the identification is the least squares method:
where N T is the number of the samples, W o ∈ R 6×6 and W j ∈ R N J ×N J are weighting factors and diagonal matrices. They can be designed according to the variance of the measured force or moment in each equation. As the problem is the quadratic form, the analytical solution of the problem can be computed. 
Implementation
When identifying the parameters, we often face the following problems:
• design of 'persistent excitation (PE) trajectory' which can identify the whole parameters, [21] • inequality constraints about the physical consistency of the parameters. [22] Let us assume that PE trajectories cannot always be obtained, and let us know the a priori knowledge which can be obtained, for example, from CAD data of the model. In the similar manner as the method, [23] we try to obtain all the standard parameters by utilizing a priori knowledge. In order to avoid overfitting problem under poor excitation, we solve the following least squares with the a priori knowledge:
where Since the physical units of φ and ξ are different, the weighting factors has to be normalized among them. Here, is the example to design the weighting factors:
where 1 n ∈ R n×1 is the vector whose elements are all one, σ max ( ) returns the maximum singular value of , and the normalized weighting scalar factors are w φ , w T , w d , w c , w s , and w o . The solutions of Equation (15) are used as φ and ξ in Equations (3) and (4) . Those parameters are identified in advance by using the data when the robot does not wear an assistive device.
Modeling of passive power-assist devices
This section introduces the modeling of passive powerassist devices for simulation, and shows the example of the model of SSL. Though we can also make use of simulations to test different parameters settings and product configurations, they have to be compared and validated by using experiments to reflect the real situations. In this section, we also show the methodology of the identification of the simulation model from the experimental data.
General formulation of wire-based assistive devices
Nominal modeling of supporting mechanism of assistive devices has a great role to design, modify, and evaluate them. If a passive power-assist device consists of several elastic bands or belts, the supporting torques generated in human joints can be modeled by the same manner as the formulation of wire-driven multi-body systems. It is also related to the musculoskeletal analysis; the joint torques are generated by several muscles modeled as elastic wires. [3] We, therefore, can utilize the same formulation and framework which map the elastic forces to the joint torques, and prepare elastic model of each assistive device.
Each wire has several via points fixed on the rigidbody system. The supporting torques are formulated as follows:
where • τ support ∈ R N J is the vector of supporting torques, • f i ∈ R is the elastic force of ith wire, • N l is the number of wires, • J i ∈ R 1×N J is the Jacobian matrix of the length of ith wire:
• l i ∈ R is the length of ith wire.
Since each wire consists of several line segments which are connected between the corresponding two via-points, length l i can be computed as follows: • p i,j ∈ R 3 is the position of jth via point of ith wire, which is computed from the following forward kinematics computation:
• function p(i, j) returns the index of the link where jth via point of ith wire is located, • p k ∈ R 3 and R k ∈ SO(3) are the position and the orientation of link k, respectively, • p(i,j) p i,j ∈ R 3 is the relative position of jth via point of ith wire with respect to the attached link coordinate.
Modeling and identification of the elastic model of SSL
The basic function of 'Smart Suit Lite (SSL)' [2] is to reduce the torque at the lower back by stretched two elastic bands fixed at the shoulders and thighs, which are shown as wire-(A) in the left figure of Figure 4 . SSL also has the short bands which are fixed at the back and the chest: wire-(B) illustrated in Figure 4 . Based on the pilot studies [4, 12] , they are also considered to evaluate the effect during the motion around the yaw-axis of waist.
In order to represent the SSL bands, several via points per one band are located on the surface of the model of HRP-4. The location of via-points of wire-(A) is shown in the right side of Figure 4 . Each via point is fixed on the corresponding link, and its position can be computed by the forward kinematics computation as mentioned before. Therefore, we modeled four elastic wires: two wires of type-(A) and two wires of type-(B). The elastic force of each SSL band is formulated as a linear spring as follows:
where l i0 is the natural length and k i is the stiffness of SSL band i. Figure 5 shows the experimental data of the relationship between the length and the force of the SSL band corresponding to wire-(A) in Figure 4 . The stiffness of the SSL band is k i = 197.8 N/m, which is identified by solving linear regression problem. Though the experimental data of wire-(B) when wearing SSL is not available, in this paper, we assume that the stiffness of wire (B) is same as that of wire (A).
The supporting torques of SSL are computed from Equations (21) and (25) . If the geometric parameters of the robot and the location of via points are known, τ support depends on the following constant parameters:
• stiffness k i • natural length l 0,i Let us identify k i and l 0,i from the estimated supporting torques. The identification problem of them is written as:
where τ (t) s is the vector of the supporting torque at sample t, which is estimated from Equations (3) computed by θ (t) and independent from k i and l 0,i . f (t) i is made of not only θ (t) but also k i and l 0,i .
As can been seen from Equation (25), f i is not linear with respect to l i,0 because of the case statements. Equation (26) is not the quadratic problem unlike Equations (14) and (15) . Since Equation (26) has no equality or inequality constraints, the problem can be solved by, for example, the quasi-Newton method.
Experiments
This section validates the proposed scheme. According to the flow shown in Section 2, we captured the human motions, and retargeted the motion to the humanoid robot. We also identified the parameters of the robot by checking the performance of the identification. The supporting effects were estimated from the two approaches as shown in Section 2, and were compared with the results of the simulation model. As mentioned in Section 1, the ground-truth values of the supporting effect are difficult to be obtained from human measurement. In this paper, we propose evaluating the accuracy of our framework in the indirect way as follows. The results of the supporting effects were used to identify the mechanical parameters of the device. Since we have the part of ground-truth mechanical parameters, the identified parameters were compared with them in order to validate the accuracy of the proposed scheme.
Human motion measurement and retargeting
The pilot experiments were conducted with humanoid robot HRP-4 [6] with a soft suit instead of hard plastic cover as shown in the right of Figure 1 . The replacement of the hard cover with the soft suit is aimed to mimic human body surface. The geometric structure of HRP-4 is also designed to be close to the measured average of humans. Those characteristics lead that the robot can wear clothes or devices designed for humans. Figure 6 shows the overview when HRP-4 is wearing SSL.
The evaluation flow described in Section 2 was validated. In step 1(S1), the following two motions were recorded using motion capture systems:
(1) Bending forward from the waist holding a dumbbell (0.5 kg each) in the both hands (Figure 7 ). Let us call it 'bending motion'. (2) Lifting up the object that is placed in front of the subject, and put it on the side by twisting the waist, and then put it back to the original position ( Figure 8 ). Let it be called 'twisting motion'.
The bending motion was acquired by Vicon Motion Systems, and the twisting motion was recorded by Motion Analysis System. The reason of using the different systems is simply because the latter motion was additionally captured on a different date and in a different facility due to some technical problems. Both sampling rates were 200 frames per second. By utilizing the motion retargeting method, [10] in step 2-(A), the bending motion was converted to a trajectory feasible to HRP-4. The body structure between the captured subject and the robot were quite different when capturing the twisting motion. In the retargeting process, we utilize the technique of the identification of geometric parameters [24, 25] in order to compensation of the difference.
Identification of HRP-4
We identified the inertial parameters and joint parameters of HRP-4 by solving Equation (15) in step 2-(B) of Section 2. Some retargeted trajectories were performed by HRP-4 without SSL. The a priori parameters used in Equation (14) were the inertial parameters provided by the manufacturer.
Let us check the performance of the identified parameters. Figure 9 shows three types of the external pitch-axis moment acting on the base-link during the bending motion. The first one is the moment obtained from the force sensors: the upper right-hand side of Equation (5) . The others are those reconstructed from the dynamics model using the identified parameters and the CAD parameters, respectively: the upper left-hand side of Equation (5) . The reconstructed moment from the identified model shows a better correlation with the measured one. We also computed the root mean square error (RMSE) of the reconstruction, which corresponds with e (t) o in Equation (13) . When using the a priori parameters, RMSE is 3.57 Nm. On the other hand, when using the identified parameters, RMSE is smaller: 1.13 Nm. Figure 10 . Figures 10 and 11 show three types of the external and actuator torque acting on the pitch joint of the torso during the bending and twisting motion, respectively. The first one is the torque obtained from the force sensors and the motor current sensor: the lower right-hand side of Equations (5) with (6) . In the first case, the parameters of Equation (6) were given by the a priori parameters. The others are those reconstructed from the dynamics model using the identified parameters and the a priori parameters, respectively: the lower left-hand side of Equation (5) . The reconstructed torque from the identified model obviously shows a better prediction of the measured one. We also computed RMSE of the reconstruction, which corresponds with e (t) j in Equation (13) . When using the a priori parameters, RMSE are 6.61 Nm (bending motion) and 4.21 Nm (twisting motion). On the other hand, when using the identified parameters, RMSE are smaller: 2.25 Nm (bending) and 1.59 Nm (twisting). All the results show that the identified parameters had better performance rather than the a prior parameters.
Estimation of the supporting torques of SSL
The converted trajectories were performed by HRP-4 for the following three cases:
• without SSL • clothing SSL • clothing SSL with the additional SSL bands (type-(A) in Figure 4 on the back.
In the last case, the additional bands are located so that the stiffness of each wire of type-(A) is equal to double. Let SSL with the additional bands be called 'modified SSL', and SSL without modification be called 'normal SSL'. We used the identified result φ and ξ in Section 5.2. The joint torques given by the actuator model including frictions in Equations (3) and (4) were computed as: τ actuator ( y, ξ ) = Z ξ . The joint torques coming from the dynamics of the kinematic chain were: τ dyn (x, φ) = Y j φ − F j . When there exist external forces, we assumed that τ dyn includes external joint torques F j . Figure 12 shows the comparison of the supporting torques of the pitch joint of the torso during bending motion, and Figure 13 shows that of the yaw joint of the torso during twisting motion. In both Figures 12 and 13 , the upper figures show the joint trajectory, the middle figures show the supporting torques with normal SSL, and the lower figures show those with modified SSL. The line types are mentioned in the caption of Figure 12 .
In Figure 12 , we could recognize the effect which reduce the original joint torques in 10. In the case of bending motion, the supporting torques of the SSL wires of type-(A) in Figure 4 are dominant, and the wires of type-(B) had little influence. It leads that the supporting torques doubled when clothing the modified SSL with the doubled stiffness of type-(A) wires. Since the groundtruth value of the stiffness of type-(A) wire is known, the simulated torques can be regarded as reliable values. The values could be predicted by approach 3-(A) and 3-(B) with identification, and not estimated by the a priori values, as shown in Figure 12 . Figure 13 showed that SSL interfered the movement along the yaw direction. In this sense, SSL does not support for the movement of the yaw joint of the torso. The black thin lines show the correlation with the gray thick line; however, the amplitude of the black thin line is larger than that of the black thick dotted line. We can see that the interfering torques did not change when clothing the modified SSL with the doubled stiffness of type-(A) wires. In the case of twisting motion, interfering torques of the SSL wires of type-(B) are dominant, and the wires of type-(A) had little influence. As the ground-truth value of the stiffness of type-(B) wire is actually unknown and SSL has several components like a belt and some buckle to guide the wires around the waist, the simulated torques are not necessarily true. Though the results are expected to be feedback to the modeling of SSL in future work, we don't detail in modeling and designing of SSL because they are out of scope of the paper.
Identification of SSL
Finally, we check the accuracy of the torques estimated from the proposed scheme. We identified the stiffness of SSL bands from the estimated torques, and compare the dentified value with the ground-truth stiffness. We know the ground-truth stiffness of type-(A) wire, and its supporting torques are dominant during bending motion. So, we identified the stiffness of only type-(A) wires from the estimated supporting torques of Figure 12 .
The stiffness and the natural length of each SSL band were identified by solving Equation (26) . We added the constraint such that the stiffness of each wire is same because of the symmetry; on the other hand, the natural lengths are different among the wires. Table 2 shows the result of the identified stiffness of the normal SSL band: (a) the ground-truth stiffness, (b) the identified value using the supporting torque estimated from approach 3-(A), (c) the identified one by approach 3-(B), and (d) the identified one using the torque estimated from the a priori values. Table 3 also shows the result of the identified stiffness of the modified SSL band whose stiffness doubled. Tables 2 and 3 show that the proposed scheme could successfully identify the mechanical property of the device.
The two errors of approach (A) are within 10%, which means that the propose scheme estimate the supporting effect accurately. Though there is the strict constraint such that the same motion has to be performed between with and without the device, the approach (A) showed better performance than (B). Though the error of approach (B) in Table 2 is almost same as that of (A), the error of approach (B) in Table 3 is not small with respect to the others. That is mainly because there is the error peak, especially when the joint starts to move around at t = 7 s as shown in Figures 10 and 12 , because the current friction model cannot eliminate Stribeck effect [26] , which is usually seen at low speeds. However, while a joints is completely stopping or moving at above certain speeds, the nonlinear effect does not appear on the friction. Since we identified both the static and dynamic friction, approach (B) can estimate the supporting torques, while the joint stops or moves at above certain speeds, as shown in Figures 10 and 12 . To exploit the advantage of approach (B) which needs only the motions with de-vices, practical identification considering Stribeck effect as shown in the applications for industrial manipulators [27, 28] will be addressed in our future work.
Conclusion
This paper presented the new application of a humanoid robot as an evaluator of assistive devices. The basic flow of the proposed frame work is as follows. The motions of a human are, at first, measured by motion capturing. They are converted to those of a humanoid robot by using the retargeting technique. The robot performs the retargeted motions with supported by an assistive device. The supporting effect of the device is estimated from its sensor data.
We also showed the two approaches to estimate supporting torques from the sensor data. Approach (A) measures the joint torques when the robot performs the exact same joint trajectories with and without a device, respectively, and extract the difference between the two. Approach (B) measures the joint torques only when the robot is wearing a device, and computes the difference from the torques estimated from the inverse dynamics model of the robot. Though approach (A) requires the two measurements under the constraint that the exact same motion has to be repeated between the two, it can cancel the unmodeled friction forces and tends to be more accurate than approach (B). On the other hand, after inertial parameters identification without a device, approach (B) can estimate the supporting effect only from the measurement with a device. The motion used in the identification does not need to be exact same as the motion used for estimating the supporting effect.
In order to enhance the evaluation of the proposed framework, we also utilize the identification of mechanical properties of a humanoid robot. In this paper, we combined the method of identification based on the baselink dynamics and joint-dynamics to estimate inertial Downloaded by [ AIST ( ADVANCED INDUSTRIAL SCIENCE TECHNOLOGY )] at 01:42 01 May 2016 parameters, several friction parameters, and motor constants simultaneously.
We introduce the general modeling scheme of passive assistive devices for simulation by using the formulation of wire driven multi-body systems. We also showed the methodology of the identification of the model parameters of the simulation from the experimental data, which enable to make simulations reflect the real situations, for example, to test product configurations.
According to the proposed scheme, we evaluated the supporting torques of a passive assistive wear 'Smart Suit Lite (SSL)' as an example of assistive device, and utilized HRP-4 as the humanoid platform. We recorded two types of the motion: with bending forward and twisting waist, respectively. The motions were retargeted to playback by HRP-4, and the mechanical properties of the robot were also identified.
After identifying, the supporting torques were estimated by the three ways: the proposed two approaches and the estimation using the simulation model with a priori parameters provided by manufacturers. In both approaches, the estimated supporting torques show the good correlation with the simulation result of SSL along the pitch axis with the ground-truth stiffness; on the other hand, when using a priori parameters, the estimated supporting torques did not match the simulated torques at all. Though the patterns of the trajectory about the interfering torques during the twisting motion are similar between the estimated ones and the simulation model, the amplitudes of them are different. Since the simulation model about SSL along the yaw axis is not well investigated, this difference of the results is expected to be feedback to the modeling of SSL.
In order to check the accuracy of the torques estimated from the proposed scheme, the estimated supporting torques were also used to identify the stiffness of SSL band and compare it to the ground-truths value. The proposed scheme could successfully identify the mechanical property of the device. Approach (A) showed better performance than approach (B), because approach (B) requires the many mechanical parameters and contains unmodeled friction forces. However, there is the strict constraint in approach (A) such that the same motion has to be performed between with and without the device. If the supporting effect is relatively large with respect to the servo torques of a robot, it is difficult to keep exact same trajectories between with and without the device. The error of approach (B) is not small currently, which seems to come mainly from the nonlinear friction at low speeds; on the other hand, the approach (B) could estimate the supporting torques accurately, while the joint stops or moves at above certain speeds. Therefore, when evaluating fast motions, approach (B) will be useful because of the difficulty of repeating the same trajectories in approach (A).
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